To clarify whether the muscle fibre composition and=or muscle oxidative enzyme activity are related to dietary body weight gain and abdominal fat accumulation. METHODS: Genetically fast-twitch fibre dominant rats (FFDR) and control rats (CR) were divided into low-fat (20% of energy from fat) or high-fat (60% of energy from fat) diet groups: CR with a low-fat diet (CL); CR with a high-fat diet (CH); FFDR with a low-fat diet (FL); and FFDR with a high-fat diet (FH). After 6 weeks of following such diets, the body weight gain, abdominal fat content, food intake, muscle fibre composition and oxidative enzyme activities were estimated. RESULTS: The total body weight gain in CH was from 18 to 62% higher than in the other groups (P < 0.05) and percentage abdominal fat in CH was also from 26 to 61% higher than in the other groups (P < 0.05), while the energy intake did not differ among the groups. The percentage of type IIX fibres of M. gastrocnemius in FL (33.4%) and FH (36.3%) were higher than in CL (16.8%) and CH (19.8%; P < 0.05), and the type IIA fibres of M. soleus in FL (14.1%) and FH (11.8%) were higher than in CL (2.0%) and CH (3.5%; P < 0.05). The citrate synthase (CS) activity of of M. plantaris in FL and FH were higher than CL (46 and 54%, respectively, P < 0.05). b-Hydroxyacyl CoA dehydrogenase (HAD) activity in FL and FH were higher than in CL (21 and 31%, respectively, P < 0.05) and that in FH was higher than CH (23%, P < 0.05). On the other hand, the enzyme activities of M. gastrocnemius and soleus were identical among the groups. CONCLUSION: The FFDR was more obesity-resistant than the CR after a high-fat diet. These results suggest that the muscle oxidative capacity rather than muscle fibre composition is a possible determinant of obesity.
Introduction
Obesity is a major health problem because of its association with hypertension, type 2 diabetes mellitus and dyslipidemia and is therefore an important area for research. Because skeletal muscle plays a key role in the consumption of carbohydrates and lipids, several studies have previously investigated the relationship between various skeletal muscle tissue characteristics and body fat accumulation. 1 -4 Skeletal muscle fibres are roughly categorized as slowtwitch (type I) and fast-twitch (type II) fibres. Type II fibres are further subclassified into type IIA and IIX fibres in human muscle, and into type IIA, IIX and IIB fibres in rat muscle. 5 There are large variations in human muscle fibre composition. 6 The rank order of oxidative capacity in human muscle fibres is I > IIA > IIX. 7 In humans, the percentage of type I fibres has been shown to negatively correlate with percentage body fat. 1, 4 The metabolic profiles of skeletal muscle fibre types might be one of the causes of the relationship between muscle fibre composition and body fat accumulation. 1, 4 It has thus been hypothesized that the muscle fibre composition may be one of the risk factors for obesity. However, Simoneau and Bouchard 3 showed that there was no significant correlation between the muscle fibre composition and the sum of skinfold thicknesses in either men or women. Therefore it has yet to be established whether or not the skeletal muscle fibre composition is a determinant of body fat accumulation. The muscle fibre composition is affected by both environmental and genetic factors, 8 for example, the muscle fibre composition is altered by diet 9, 10 and insulin. 11, 12 It is hypothesized that the diet causes changes in both the muscle fibre composition and body fat accumulation.
The oxidative enzyme activity of the skeletal muscles was shown to negatively correlate with the sum of the skinfold thicknesses 3 and the body mass index. 2 In addition, a decrease in the oxidative enzyme activity in human obesity has been reported. 2, 13 The oxidative enzyme activities of the skeletal muscles with a high-fat diet were greater than with a low-fat diet. 14 -16 If the dietary adaptability of oxidative potential differs among individuals, it is possible that such adaptability might be a determinant of body fat accumulation. It was therefore speculated that a lower activity and=or the adaptability of key oxidative enzymes in the skeletal muscles might thus induce body fat accumulation.
Despite the many investigations concerning body fat accumulation, muscle fibre composition, oxidative capacity and diet, and a study on the relationship among these factors has not yet been conducted. Using selective breeding, we developed fast-twitch fibre dominant rats (FFDR), which have a genetically higher percentage of type II fibres in several skeletal muscles than the control rats (CR) obtained by random breeding. 17 -19 In the rat studies, the susceptibility to obesity through a high-fat diet varied considerably and the rats could be separated into obesity-prone and obesityresistant rats. The body mass of obesity-prone rats was significantly higher than obesity-resistant rats and low-fat-fed rats, while that of obesity-resistant rats was identical to that of low-fat fed rats. 20, 21 The combination of this animal model and the two different diet compositions might thus help us to elucidate the mechanism underlying the relationships between muscle characteristics, fat accumulation and diet composition. Therefore, subjecting CR and FFDR to a low-or high-fat diet, we examined the relationship between the muscle characteristics, including the fibre type composition and the oxidative enzyme activity and body fat accumulation and also determined whether or not the composition of the diets affects such characteristics.
Methods

Animals and diet procedures
All experimental procedures were approved by the University Committee for the Use of Animals in Research. To obtain the CR and FFDR, we performed both random and selective mating of rats. The breeding methods have been described by Suwa et al.
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In brief, the distribution of type II fibres of M. gastrocnemius at the base population was 45.5% and it increased to 61.8% by selection breeding for high percentage of type II fibres in the FFDR. 17 The percentage of type II fibres in M. soleus, vastus intermedius, adductor longus and biceps brachii as well as gastrocnemius in FFDR was higher than in the CR. On the other hand, no significant differences were observed in the M. plantaris, extensor digitorum longus, rectus abdominis, diaphragm, or palmaris longus 19 and these muscles had relatively higher percentages of type II fibres. The genetic adaptive range of percentage of type II fibres might thus be considered to be close to the upper limit in such fast-twitch muscle. 18 Concerning the other characteristics of this animal model, the wheel running distance of FFDR was also higher than in CR (Suwa et al, unpublished observation). Male rats (CR, n ¼ 14; FFDR, n ¼ 17) at 8 weeks of age with a body weight of 200 -240 g were used for this experiment. The CR and FFDR were divided into low-or high-fat diet groups: CR with low-fat diet (CL; n ¼ 7), CR with high-fat diet (CH; n ¼ 7), FFDR with low-fat diet (FL; n ¼ 8), and FFDR with high-fat diet (FH; n ¼ 9). The body mass (mean AE s.e.m.) at the start of diet in CL, CH, FL and FH was 222 AE 6, 223 AE 5, 222 AE 5 and 223 AE 3 g, respectively. All rats were kept on these diets for 6 weeks. The compositions of the diets are shown in Table 1 . The rats were housed one per cage (30Â15Â19 cm). Food and water were provided ad libitum and the room temperature was maintained at 22 AE 2 C. The weekly body weights and daily food intakes of the rats were recorded for 6 weeks.
On the day of sampling, the rats were weighed and anaesthetized with pentobarbital sodium (50 mg=kg body weight i.p.). The muscles of both legs were rapidly dissected. The muscles from one leg were used for the histochemical analysis, while the muscles from the other leg were used for the enzyme assay. The abdominal fat pads (perirenal, epididymal and mesenteric) were also excised and weighed.
Muscle analysis
Muscle transverse sections (10 mm) were cut from each muscle using a cryostat maintained at 7 20 C and the sections were mounted on cover glass. Myosin adenosine triphosphatase (ATPase) was demonstrated using previously described procedures. In brief, consecutive serial sections were processed using three different pretreatments, preincu- Figure 1A ), 22 4.6 ( Figure 1B ) 22 and 10.4 ( Figure  1C ). 23 The muscle fibres were identified as type I, IIA, IIX, IIB and IIC fibres based on myosin ATPase staining intensity. 24 A composite photomontage of each ATPase preparation was made using micrographs, and then each fibre was identified and counted using a handcounter. The M. gastrocnemius, soleus and plantaris were all surgically removed and a histochemical analysis was performed as described above. In addition, the activity of succinate dehydrogenase (SDH), an enzyme located on the inner mitochondrial membrane whose activity is used as a marker for oxidative capacity since it correlates with the total amount of mitochondria in a cell, was also determined based on an analysis of 10 mm sections ( Figure 1D) . 25 For the histochemical analyses, the deep portion was estimated in the M. gastrocnemius and the muscle core was estimated in the M. soleus and plantaris. Then muscle fibre composition was determined by evaluating more than 600 fibres in each section. The optical density (OD) of the SDH staining intensity was defined as the SDH activity. In the SDH sections, the mean OD (OD1) of the fibre was examined. The OD1 minus the mean OD (OD2) of a blank section was used to determine the SDH activity. The fibre cross-sectional area was estimated using the SDH section. These quantitative histochemical procedures were performed using a 3-CCD video camera (Victor; KY-F55B). The video camera was attached to a Nikon microscope. The software used for storing and analysing the microscopic images was ImageGrabber PCI 1.1 and NIH Image 1.62, respectively. More than 100 fibres were measured in each section.
The muscle citrate synthase (CS) and b-hydroxyacyl CoA dehydrogenase (HAD) activities were measured spectrophometrically by the usual methods. 26, 27 Statistical analysis To compare the findings including the total body weight gain, the percentage of abdominal fat, food intake, food efficiency, muscle mass, fibre cross-sectional area, fibre composition, SDH activity in each fibre type, and CS and HAD activities among CL, CH, FL and FH, we used a two-way analysis of variance (rat strain and diet). To compare the SDH Muscle characteristics and body fat accumulation M Suwa et al activity among fibre types within each group, we used a oneway analysis of variance. Scheffe's post-hoc test was performed if the analysis of variance indicated a significant difference. To compare the difference of the SDH activity of each fibre type from a low-fat to a high-fat diet group of the same rat strain between CH and FH (fold difference ¼ high-fat diet=low-fat diet of same rat strain), and between the high-fat and low-fat diets, the unpaired Student's t-test was used. A value P < 0.05 was considered to be significant.
Results
Body composition and energy intake After 6 weeks of following the respective diets, the total weight gain in CH was the highest among the four groups (P < 0.05; Figure 2A ). The percentage of abdominal fat in CH was the highest among the four groups (P < 0.05; Figure 2B ).
The cumulative energy intake did not differ among the four groups ( Figure 2C ). The food efficiency in CH was significantly higher than in FL and FH (P < 0.05), and that in CL was significantly higher than in FL (P < 0.05; Figure 2D ).
The muscle masses are presented in Table 2 . The mass of M. gastrocnemius in CH was significantly higher than in FL and FH (P < 0.05). No significant differences were observed in the mass of the M. soleus and plantaris among the four groups.
Muscle fibre cross-sectional area and composition The fibre cross-sectional area and composition data are shown in Table 2 . No significant differences were observed in the fibre cross-sectional area among the four groups. Regarding the fibre composition, the percentage of type I fibres in the M. gastrocnemius and soleus in FL and FH was significantly lower than in CL and CH (P < 0.05). In addition, Figure 2 The effect of the respective diets on the total body weight gain (A), abdominal fat distribution (B), cumulative food intake (C) and food efficiency (D) in the four groups. Data are expressed as the mean AE s.e.m. for 7 -9 rats. *P < 0.05 from CL. Muscle characteristics and body fat accumulation M Suwa et al the percentage of type IIX fibres of M. gastrocnemius and type IIA fibres of M. soleus in FL and FH was significantly higher than in CL and CH (P < 0.05). In the M. plantaris, no significant differences were observed among the four groups. The amount of type IIC fibre was less than 1% in all examined muscles. No type IIB fibres in M. gastrocnemius or type IIX or IIB fibres in M. soleus were observed.
SDH activity of different fibre types
The mean SDH activity of type IIA fibre was the highest of all fibre types (data not shown). The differences in the SDH activity of each fibre type from the low-to the high-fat diet group of the same rat strain are shown in Figure 3 . The numbers of type I and IIA fibres of the M. soleus and type I fibres of M. plantaris in FH were higher than in CH (P < 0.05).
Enzyme activity
The enzyme activity data are shown in Table 3 . The CS and HAD activities of the M. gastrocnemius and soleus did not differ among the four groups. The CS activity of the M. plantaris in FL and FH was significantly higher than in CL (P < 0.05). The HAD activity of M. plantaris in FL and FH was significantly higher than in CL (P < 0.05). In addition, that in FH was also significantly higher than in CH (P < 0.05).
Discussion
In this study we demonstrated that the FFDR showed less body weight gain and abdominal fat accumulation than the CR when consuming a high-fat diet without any difference in energy intake. We speculated that this phenomenon may be due to a higher oxidative capacity and a better dietary adaptability of FFDR.
In humans, the percentage of type I fibres was negatively correlated with the percentage of body fat. 1, 4 In rats, dietary obesity-prone rats had a higher percentage of type II fibres than obesity-resistant rats. 28 As a result, our findings in this study did not correspond with those of previous studies on humans 1, 4 and rats. 28 In human muscle, the oxidative enzyme activity of type I fibres was higher than type II fibres. 7 On the other hand, we and the other studies 29, 30 showed that at least type IIA fibres had a higher SDH activity, which is a tricarboxylic acid cycle enzyme and an index of mitochondrial content, than type I fibres in rat muscles. It Muscle characteristics and body fat accumulation M Suwa et al was therefore reasonable to assume that the relationship between the muscle fibre composition and whole muscle oxidative capacity in humans did not correspond to that in rats. Concerning another rat study, Abou Mrad et al 28 showed that rats which were resistant to becoming obese on a highfat diet (60% of fat) were found to have higher percentage of type I fibres than obesity-prone rats. Why did our results in this study differ from those of Abou Mrad et al? 28 The previous study indicated that the secretion of growth hormones has been shown to be impaired before the onset of a high-fat diet in obesity-prone rats. 31 Growth hormones might induce fast-to-slow transformation of muscle fibre type composition. 32, 33 It is possible that the impairment of growth hormone secretion induced both body fat accumulation and fibre type transformation in obesity-prone rats in the study of Abou Mrad et al.
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In the present study, FFDR had higher CS and HAD activities than CR in the M. plantaris but not in the M. gastrocnemius or soleus. In addition, the M. plantaris had type IIB fibres but the M. gastrocnemius or soleus did not. Therefore, the CS and HAD activities of type IIB fibres in FFDR are higher than those in CR. The type IIB fibres are thought to play an important role in the total energy expenditure and respiratory quotient at rest because the type IIB fibres make up 71% of the total muscle mass in the rat. 29 Furthermore, the HAD activity closely correlated with the 24 h respiratory quotient, 34 which in Pima Indians is a risk factor for body weight gain. 35 Based on these observations, the higher HAD activity is thus suggested to cause, at least in part, the obesity resistance in FFDR.
In both the present study and our previous study, 19 the deep portion of M. gastrocnemius and soleus had a lower percentage of type I fibres in FFDR than CR, whereas no significant difference was observed in the M. plantaris. The reason for this was unclear, but it was possible that the composition of type II fibres of fast-twitch muscles including M. plantaris might be close to the upper limits of the genetic adaptive range, therefore the selective mating for high Figure 3 The fold difference in the SDH activity of the individual fibre types between the high-fat diet groups and the low-fat diet groups of the same rat strain. The difference in the SDH activity was determined as follows: difference ¼ high-fat diet=mean low-fat diet group of same rat strain. Muscle characteristics and body fat accumulation M Suwa et al percentage of type II fibres affected the muscle fibre composition of M. plantaris only slightly. On the other hand, group differences were observed in CS (key enzyme of tricarboxylic acid cycle) and HAD (key enzyme of b-oxidation of fatty acids) activity of M. plantaris but not in the M. gastrocnemius or soleus. Why did the results of fibre composition differ with those of the oxidative enzyme activity? Physical training induced a fast-to-slow alteration of the muscle fibre composition with increasing oxidative enzyme activity. 36 On the other hand, a hyperthyroid state induced a slow-to-fast alteration of the muscle fibre composition with an increasing oxidative enzyme activity. 37 Based on such findings and our results, the muscle fibre composition and oxidative potential may thus be independent of each other. However, why the oxidative potential of M. plantaris in FFDR was greater than CR is still unclear. To resolve the mechanism underlying this difference between CR and FFDR, further experiments focusing on other factors influencing the oxidative potential are required.
In our results, the FFDR was more resistant to dietary obesity and had higher muscle oxidative enzyme activities than CR. Other investigators have also reported a decrease in the oxidative enzyme activities in human obesity. 2, 3, 13 However, the CS and=or HAD activities of the dietary obesityresistant rats were not substantially different from those of the obesity-prone rats on a high-fat diet for 5 weeks. 38, 39 However, in those previous reports, the food intake of the obesity-resistant rats was lower than that of the obesityprone rats, 38, 39 consequently, the difference in the body weight and fat gain between the two groups was most due to the difference in food intake rather than any difference in the muscle metabolic profile. Taken together, the muscle oxidative capacity is thus suggested to play an important role for body fat accumulation.
Several studies have demonstrated that a high-fat diet enhanced the oxidative enzyme activity of muscles. 14 -16 Nemeth et al 15 indicated that the CS activity in type IIX=B fibre and HAD activity in type I and IIX=B fibres increased on a high-fat diet. However, no researchers have yet clarified whether or not such responses are related to obesity. Therefore, we used two diets of different fat content to investigate whether or not the dietary adaptation in the muscle oxidative enzyme activity was related to the difference in body fat accumulation. In the present study, the changes in the SDH activity on high-fat diet in the type I and IIA fibres of M. soleus and type I fibres of M. plantaris in FFDR were greater than in CR. We therefore propose that lower dietary adaptability of the oxidative capacity appears to be a factor of fat accumulation.
In this study, the susceptibility to obesity differed between the two genetically different rat strains, and the muscle oxidative potential was also different between the two strains. The evidence observed in this study supports the notion that the muscle oxidative potential may thus tend to induce and=or prevent the development of obesity. The muscle oxidative enzyme activities were significantly affected by the genetic factors. 40 -42 It was possible that the muscle oxidative potential may thus differ genetically between the CR and FFDR. In humans, it is well recognized that some people are prone to obesity and others are not. One of the reasons for this may be that the oxidative capacity of skeletal muscles show genetic differences between individuals.
In this study, the results of the SDH activity did not always correspond with the CS activity, although both SDH and CS are in the tricarboxylic acid cycle. For example, in the M. soleus, the changes of SDH activity from the low-fat diet in the same rat strain of type I and IIA fibres in FH were greater than those in CH, but no significant differences were observed in the CS activity. What caused this discrepancy between the results of SDH and CS activity? The SDH is located on cristae and CS is in the matrix in the mitochondria, and change in the mitochondrial enzyme activity is partly influenced by the location of ultrastructure. 43 It is possible that such factors caused the discrepancy between the results of CS and SDH activity.
In summary, we found FFDR to be more obesity-resistant than CR. In addition, the CS and HAD activity in FFDR was higher than in CR. Furthermore, the increase in the SDH activity of each fibre type on a high-fat diet in FFDR was greater than in CR. These findings suggest that the muscle oxidative capacity and its adaptability are possible determinants of body fat accumulation rather than genetically determined muscle fibre composition.
